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Mesenchymal stem cells: a double-edged sword in 
regulating immune responses 

W Li 1 , G Ren 2 , Y Huang 1 , J Su 1 , Y Han 1 , J Li 1 , X Chen 1 , K Cao 1 , Q Chen 1 , P Shou 1 , L Zhang 2 , Z-R Yuan 2 , Al Roberts 2 , S Shi 3 , AD Le 3 
and Y Shi*' 1 ' 2 

Mesenchymal stem cells (MSCs) have been employed successfully to treat various immune disorders in animal models and 
clinical settings. Our previous studies have shown that MSCs can become highly immunosuppressive upon stimulation by 
inflammatory cytokines, an effect exerted through the concerted action of chemokines and nitric oxide (NO). Here, we show that 
MSCs can also enhance immune responses. This immune-promoting effect occurred when proinflammatory cytokines were 
inadequate to elicit sufficient NO production. When inducible nitric oxide synthase (iNOS) production was inhibited or genetically 
ablated, MSCs strongly enhance T-cell proliferation in vitro and the delayed-type hypersensitivity response in vivo. Furthermore, 
iNOS~'~ MSCs significantly inhibited melanoma growth. It is likely that in the absence of NO, chemokines act to promote immune 
responses. Indeed, in CCR5~'~CXCR3~'~ mice, the immune-promoting effect of /A/OS"'" MSCs is greatly diminished. Thus, NO 
acts as a switch in MSC-mediated immunomodulation. More importantly, the dual effect on immune reactions was also observed 
in human MSCs, in which indoleamine 2,3-dioxygenase (IDO) acts as a switch. This study provides novel information about the 
pathophysiological roles of MSCs. 
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Mesenchymal stem cells (MSCs) exist in almost all tissues to 
generate replacements for cells that are lost through normal 
aging, injury or disease. These cells have been successfully 
isolated from various tissues such as bone marrow, muscle, 
fat, brain, heart, skin and Wharton's jelly of umbilical cord. 
These cells provoke few ethical issues and do not form 
teratomas. They also have immunomodulatory effects. Thus, 
MSCs hold great promise for treating various diseases. In fact, 
in vitro expanded MSCs have already been applied in pre- 
clinical and clinical studies to promote successful umbilical 
cord blood stem cell transplantation, 1 and to treat diseases 
such as GvHD, 2,3 type I diabetes, 4 multiple sclerosis, 5,6 liver 
cirrhosis, 7 systemic lupus erythematosus 8 and Crohn's 
disease. 9,10 These studies collectively demonstrate the great 
clinical potential of MSCs. According to the clinical trial 
registry at the National Institute of Health, over one hundred 
clinical trials with these unique cells are currently being 
conducted (http://clinicaltrials.gov/ct2/home). 

The most important clinically relevant characteristics of 
MSCs are their readiness to grow in culture and their 
immunosuppressive capacity. MSCs can be highly immuno- 
suppressive, and have been found to suppress T-cell 
proliferation and cytokine production. 11,12 We recently 
reported that MSCs prevent the rejection of allogeneic skin 



grafts 13 and also ameliorate GvHD in mice. 14 Other 
studies have variously demonstrated that MSC-mediated 
immunosuppression involves IL-10, 15 TGF-/?, 16 NO, 12 IDO 
(indoleamine 2,3-dioxygenase), 17 tumor necrosis factor 
(TNF) -stimulated gene-6 (TSG6) 18 and prostaglandin (PG) 
E2. 19 Our systematic analysis revealed that the immunosup- 
pressive effect of MSCs depends on interferon-gamma (IFNyj 
in the co-presence of another cytokine: TNFa, IL-1a or IL-1/?. 
Such cytokine pairs provoke MSCs to express inducible nitric 
oxide synthase (iNOS), produce NO, and secrete large 
amounts of chemokines. These chemokines, in turn, comple- 
ment the activity of NO in co-cultures, by driving T cell to 
migrate into the proximity with MSCs, where the high levels of 
NO suppress the T cells. Like mouse MSCs, human and non- 
human primate MSCs have a similar spectrum of chemokine 
production, but they utilize IDO instead of NO to suppress 
T-cell function. 20 

Interestingly, the immunosuppressive capacity of MSCs is 
not always achieved. Some researchers have claimed that 
MSCs were unable to protect mice from GvHD although 
they did suppress lymphocyte proliferation in vitro to some 
degree. 21 Accelerated graft rejection after MSCs administra- 
tion has also been observed. In allogeneic bone marrow 
transplantation in sublethally irradiated mice, co-transfusion 
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of MSCs has been reported to result in significantly decreased 
engraftment of donor cells. 22 Similarly, another study showed 
that MSCs did not prevent graft rejection in vivo. Surprisingly, 
combined administration of both MSCs and cyclosporine A, a 
universally used immunosuppressant, actually accelerated 
graft rejection. 23 Interestingly, it has been shown that MSCs 
do not enhance drug-induced; instead, MSCs restored 
the normal proliferation of peripheral blood mononuclear cells 
(PBMCs). 24 Given these apparently contradictory findings, 
the immunosuppressive capability of MSCs required further 
exploration. 

In clinical trials, MSCs have been reported to be effective 
in the treatment of steroid-refractory GvHD. 2,25 Notably, 
some patients showed no improvement or even worsened 
clinical condition after MSCs therapy, but these results were 
not emphasized in the reports. Thus, MSC-based cell therapy 
may actually be harmful to a subset of patients. 26 On the 
basis of our previous understanding of a concerted action of 
chemokines and NO in MSC-mediated immunosuppression, 
we hypothesize that iNOS acts as a switch in determining 
whether MSCs will suppress or enhance the immune 
response. 

In this study, we employed iNOS inhibitors, and iNOS- 
deficient MSCs, and found that MSCs can indeed enhance 
immune responses under certain conditions. With low 
densities of T cells or with suboptimal activation, MSCs were 
able to promote immune responses due to their production of 
chemokines but very low levels of NO. Notably, when iNOS 
was inhibited or genetically ablated in the MSCs, lymphocyte 
proliferation in vitro was dramatically upregulated by MSCs. 
Such immune-enhancement by MSCs in the absence of iNOS 
activity could also be demonstrated in vivo using the delayed- 
type hypersensitivity (DTH) assay, and this effect was largely 
reverted in CCR5 ~'~CXCR3 _/ ~ mice. Therefore, chemokines 
secreted by inflammatory cytokine-stimulated MSCs that 
are responsible for their immune enhancement effect 
when these cells poorly express iNOS. Similarly, in human 
MSCs, such a balance is determined by chemokines and IDO. 
Thus, immune enhancement by MSCs is generated by 
chemokine-mediated immune cell aggregation in the absence 
of immunosuppressive effector molecules. We believe that 
our findings that MSCs can enhance immune responses 
provides critical information for a better understanding of 
the role of MSCs in various pathological conditions and 
for developing better protocols for the clinical application 
of MSCs. 



Results 

MSC-mediated immunosuppression requires sufficient 
proinflammatory cytokines. To examine the interplay 
between MSCs and immune responses, we derived 
MSCs from mouse bone marrow according to established 
protocols. 27,28 All cells used were capable of differentiating 
into adipocytes and osteoblasts when cultured under appro- 
priate conditions and possess the following pheno- 
type: CD34-CD11b~CD11c~CD45~MHC class IPCD44 + 
Sca-1 + MHC class | iow , 13 ' 14 confirming the stem cell 
properties of our MSCs. 



Our previous studies have shown that proinflammatory 
cytokines produced by activated lymphocytes can stimulate 
mouse MSCs to produce both chemokines and NO, which 
then act in concert to inhibit the proliferation of T lymphocytes: 
the chemokines attract lymphocytes into close proximity with 
the MSCs, where high concentrations of NO in the micro- 
environment suppress T-cell function. 14 In our studies, MSCs 
from passage 5 through passage 15 were used, and their 
ability to produce NO in the presence of TNFa and IFNy did 
not change with passaging (Supplementary Figure S1A). To 
assay the efficacy of inflammatory cytokines to induce 
immunosuppression by MSCs, we added graded concentra- 
tions of IFNy and TNFa to MSCs co-cultured with T-cell blasts, 
which produce very little cytokine unless re-stimulated, and 
examined the effect on their proliferation. We found that MSCs 
were highly responsive to low levels of cytokines: significant 
induction of immunosuppression was observed when as little 
as 0.4ng/ml of each cytokine was added, whereas there was 
no effect without cytokine addition (Figure 1a). This inhibition 
on T cells was dependent on NO, as the iNOS inhibitor NG- 
monomethyl-L-arginine acetate salt (L-NMMA) completely 
restored T-cell blast proliferation in the co-culture regardless 
of the concentration of IFNy and TNFa added (Figure 1b). 
Thus, the optimal immunosuppression capacity in MSCs 
depends on NO and does not require high amount of IFNy and 
TNFa. 

MSCs can stimulate splenocyte proliferation when NO 
production is low. Under physiological conditions, it is 
unlikely that MSCs in situ are always immunosuppressive. 
Rather, the immunomodulatory effect of MSCs probably 
varies depending on the immune status of the micro- 
environment. We hypothesize that, under conditions in 
which activated T cells produce insufficient levels of IFNy 
and TNFa to induce immunosuppression, MSCs can instead 
enhance T-cell proliferation. To test this hypothesis, MSCs 
were co-cultured with freshly isolated splenocytes at various 
ratios in the presence of anti-CD3 to stimulate the TCR and 
the effect on proliferation was determined. It should be noted 
that, in contrast to T-cell blasts, splenocytes activated with 
anti-CD3 secrete large amounts of inflammatory cytokines 
including IFNy and TNFa. As shown in Figure 2a, in absence 
of MSCs the proliferation of anti-CD3-stimulated splenocytes 
exhibited typical cell-density dependence. On the other hand, 
in the presence of MSCs, the proliferation of T cells was 
inhibited at the higher splenocytes densities, whereas it was 
actually enhanced at lower densities, indicating that MSCs 
can be either immunosuppressive or immune enhancing, 
depending on the concentration of T cells. 

We next examined the effect of MSCs on T-cell activation 
using different amounts of anti-CD3, as we predicted 
that MSCs are capable of enhancing the proliferation of 
suboptimally activated T cells while inhibiting optimally- 
activated T cells. Therefore, freshly isolated splenocytes were 
activated with graded amounts of anti-CD3, in the presence or 
absence of MSCs. As shown in Figure 2c, in the presence 
of low concentrations of anti-CD3, the presence of MSCs 
significantly enhanced T-cell proliferation. In contrast, at 
higher concentrations of anti-CD3, T-cell proliferation was 
inhibited by MSCs. 
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Figure 1 Proinflammatory cytokines induce immunosuppression by MSCs in a cytokine dose-dependent and NO-dependent manner. T-cell blasts stained with CFSE 
were co-cultured with MSCs (10 000 cells/well in 96-well plate) at a 1 : 10 ratio (MSCs:T cells) in the presence of various concentrations of IFNy and TNFcz in IL-2 (200 U/ml)- 
containing medium (a). L-NMMA (1 mM) was added at the beginning of co-culture (b). 48 h later, all the cells were subjected to flow cytometry for T-cell proliferation detection 
as indicated by the reduction in CFSE intensity. The percentage of proliferated cells was indicated (%). Data are representative of four independent experiments 
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Figure 2 MSCs promote T-cell activation when NO is insufficient, (a) Different number of splenocytes were activated with anti-CD3 (0.87 ^g/ml) and co-cultured with 
MSCs (5000 cells/well in 96-well plate) with and without I FN-/ + TNFcz (2 ng/ml each) pretreatment at the indicated ratios, in the absence or presence of iNOS inhibitor, L- 
NMMA (1 mM). (b) T-cell proliferation was measured 48 h later, (c) Splenocytes (1 x 10 5 per well in 96-well plate) were activated with different concentrations of anti-CD3 co- 
cultured with MSCs (1 : 1 0, MSC: splenocytes) with and without L-NMMA (1 mM). (d) Wild-type MSCs and iNOS~'~ MSCs (5000 cells/well in 96-well plate) were co-cultured 
with splenocytes at a 1 : 10 ratio with or without anti-CD3 (0.87 /ig/ml), in the presence or absence of IFNy plus TNFo; (2 ng/ml each). Data shown are means + S.E. of a 
representative of three independent experiments 



We reasoned that the immune-enhancing effect of MSCs is 
likely due to insufficient levels of inflammatory cytokines. 
Therefore, we pretreated MSCs with an optimal amount of 



I FN)> and TNFa and then co-cultured them with splenocytes at 
graded densities. We found that under these conditions, 
T-cell proliferation was strikingly inhibited even at low T-cell 
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densities (Figure 2a). Thus, the concentration of proinflam- 
matory cytokines determines whether MSCs will become 
immunosuppressive or immune-enhancing. 

We have previously reported that NO has a central role 
in MSC-mediated immunosuppression. 14 NO production by 
MSCs is tightly regulated by proinflammatory cytokines and 
iNOS is its sole source. Two other NOS isoforms were 
undetectable in MSCs, with or without proinflammatory 
cytokine stimulation. Furthermore, mouse MSCs deficient in 
iNOS did not produce NO even when IFNy and TNFa were 
present (Supplementary Figure S2). Nitrate production by 
MSCs increased with increasing concentrations of supple- 
mented cytokines (Supplementary Figure S1B). To test our 
hypothesis that the NO mediates immunosuppression, we 
utilized L-NMMA, an iNOS inhibitor, to block NO production 
and examined the immunomodulatory effect of MSCs. 
Indeed, we found that when NO production is inhibited, MSCs 
boosted splenocyte proliferation at all levels of anti-CD3 
activation (Figure 2b, c). Also, we found that two other 
non-competitive iNOS inhibitors, S-methyl-isothiourea (SMT) 
sulfate and N-(3-(aminomethyl)benzyl) acetamidine dihy- 
drochloride (1400w), had similar effects on NO production 
and enhancement of splenocyte proliferation (Supplementary 
Figure S3). Thus, blockade of iNOS activity could enable 
MSCs to become immune enhancing. To further verify the role 
of NO in modulating the proliferation of activated T cells, we 
employed iNOS _/ ~ MSCs. When co-cultured with anti-CD3- 
activated splenocytes, iNOS~'~ MSCs were not only incap- 
able of suppressing lymphocyte proliferation, but also caused 
dramatically increased proliferation (Figure 2d). Furthermore, 
addition of exogenous IFNy and TNFa also enhanced the 
immune response in the presence of iNOS-deficient MSCs 
(Figure 2d). Thus, without NO production, MSCs enhance 
rather than inhibit lymphocyte proliferation. Taken together, 
these results indicate that MSCs can either suppress 
or promote immune responses; depending on the levels of 
NO they produce. 

MSCs aggravate DTH in the absence of NO. As we 

showed above, MSCs are able to promote immune 
responses when NO production is blocked. On the basis 
of this observation, we predicted that iNOS _/ ~ MSCs would 
aggravate an immune response. To test this hypothesis 
in vivo, we used a mouse model of DTH response to examine 
the effect of administration of iNOS~'~ MSCs. Ovalbumin 
(OVA) in complete Freund's adjuvant was administrated at 
the tail base. On day 7 the animals were re-challenged 
by heat-denatured OVA co-administered with wild-type 
MSCs or iNOS~'~ MSCs by injection into one hind footpad. 
The resultant DTH responses were measured by footpad 
thickness increment and by histological examination using 
H&E staining. As expected, wild-type MSCs significantly 
reduced the DTH response. In contrast, mice injected 
with iNOS -/ ~ MSCs exhibited a significantly enhanced 
DTH response in comparison with mice treated with OVA 
alone (Supplementary Figure S4A). 14 Similarly, when iNOS 
inhibitor L-NMMA was administered together with wild-type 
MSCs, the DTH response was also boosted (Supplementary 
Figure S5). Moreover, on histological sections, alleviation 
of inflammation response was also observed in mice 



co-injected with wild-type MSCs, while there was 
significantly more leukocyte infiltration in mice treated with 
iNOS~ ; ~ MSCs (Supplementary Figure S4B). 14 Meanwhile, 
an increase in lymphocyte infiltration was also seen in mice 
treated with MSCs and L-NMMA (data not shown). 
Therefore, in this in vivo model, MSCs were again found to 
have a dual role, either immunosuppressive or immune 
enhancing, depending on the status of their NO production. 

Chemotaxis has a critical role in MSC-mediated immune 
enhancement. We recently demonstrated that during 
inflammatory cytokine-activated MSC-mediated immuno- 
suppression, chemokines attract immune cells into close 
proximity with MSCs, where locally high concentrations of 
NO can suppress lymphocyte function. To test the ability of 
NO to suppress activation-induced T-cell proliferation, we 
added the NO donor S-nitroso-acetylpenicillarnine (SNAP) to 
anti-CD3-activated splenocyte cultures. As a control for 
the effect of SNAP, we used NO promoted Fas- 
mediated apoptosis and found that 28 /^M was effective 
(Supplementary Figure S6A, B), whereas inhibition of T-cell 
proliferation required >60|iM (Supplementary Figure S6C, 
D). Therefore, T-cell proliferation was suppressed only when 
SNAP was added at high concentration. Interestingly, when 
0.4ng/ml each of IFNy and TNFa were added to the co- 
culture of MSCs and T-cell blasts, there was significant 
inhibition of T-cell proliferation (Figure 1 ) but only a moderate 
amount of total NO was produced (Supplementary Figure 
S1B). Therefore, in cytokine-activated MSC cultures, 
biologically active NO is not uniformly distributed. It is likely 
that T cells need to be attracted into close proximity with 
MSCs, where higher concentrations of biologically-active 
NO exist. In the absence of NO, as occurs with iNOS ~ /_ 
MSCs, it is likely that the large amounts of MSC-produced 
chemokines mediate the immune-enhancing effect of these 
cells by recruiting lymphocytes into their vicinity. In our DTH 
assay, for example, co-administration of iNOS -/ ~ MSCs 
upon re-challenge with OVA resulted in a much greater 
incidence of infiltrating leukocytes in the footpad. 

To examine the role of chemokines, we firstly examined if 
their expression was affected when iNOS activity was 
blocked. As shown in Figure 3, neither iNOS inhibitors nor 
genetic ablation of iNOS had any influence on chemokine 
expression by MSCs co-stimulated with IFNy and TNFa. In 
addition, cytokine-stimulated iNOS~'~ MSCs produced typical 
levels of other factors such as IL-6, implying that NO does not 
affect the responsiveness of MSCs to proinflammatory 
cytokines in general (Supplementary Figure S7). We have 
reported that the chemokines most potently upregulated 
by inflammatory cytokines in MSCs are the ligands for 
two prominent chemokine receptors on T cells, CCR5 and 
CXCR3. 14 To validate the roles of chemokines in MSC- 
mediated immune-enhancement, we compared the immune- 
enhancing effect of MSCs on wild-type and CXCR3~'~ 
CCR5 ~~ /_ splenocytes. Both types of splenocytes were 
activated with anti-CD3 in the presence of iNOS~'~ MSCs at 
2500 per well in 96-well plates. Under these conditions, 
iNOS~ ; ~ MSCs strongly promoted wild-type splenocyte 
proliferation, whereas such effect on CXCR3 _/_ CCR5 _/_ 
splenocyte was dramatically reduced (Figure 4a), demon- 
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Figure 3 Proinflammatory cytokines induce high level of chemokine expression in MSCs regardless of NO production. Wild-type MSCs and iNOS~'~ MSCs (5 x 1 0 5 cells/ 
well in 6-well plates) were stimulated with IFNy and TNFa (2ng/ml each) for 12 h, and L-NMMA was added in the groups indicated. The expression of chemokines was 
assayed by real-time PCR. Data are representative of three independent experiments 
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Figure 4 MSCs could not promote DTH response in CCR5 _/_ CXCR3 _/_ mice. (a) Freshly isolated splenocytes from C57BL/6 or CXCR3~'~CCR5~'~ mice (on the 
C57BL/6 background) at different cell density were co-cultured with wild-type MSCs (2500 cells/well in 96-well plates) in the presence of L-NMMA(1 mM), and anti-CD3 
(0.87 ^g/ml) was added at the beginning of co-culture, (b) C57BL/6 (n = 5) and CXCR3~'~CCR5~'~ (n = 5) mice were immunized with OVA (10 /jg in 50 /^l saline) emulsified 
with 50 ji\ complete Freund's adjuvant. On day 7, mice were challenged in the footpad with 20 /;g OVA administered with or without wild-type or iNOS~'~ MSCs (2.5 x 10 5 
cells). Footpad thickness increment was determined after 24 h as a measurement of DTH response. Data shown are means + S.E. of a representative of three independent 
experiments 



strating an important role for chemotaxis in MSC-mediated 
immune-enhancement. 

To examine the role of chemokines in MSC-mediated 
immune enhancement in vivo, we employed the DTH model 
and compared the responses in wild-type and CXCR3 _/ ~ 
CCR5~'~ mice. We utilized a suboptimal dose of OVA (20 ng) 
to challenge the animals, so that it would be possible to detect 
immune enhancement by iNOS~'~ MSCs. At this low level of 
antigen, although there was little swelling in the wild-type 
control mice, significant swelling did occur in the presence of 
iNOS~'~ MSCs. Interestingly, such immune enhancement by 
iNOS _/ ~ MSCs was not detected in CXCR3 CCR5~'~ mice 
(Figure 4b). This result suggests that chemokines are crucial 
factors in immune enhancement mediated by iNOS _/ ~ MSCs. 



iNOS ' MSCs suppress tumor growth. The immune 
response is critical in controlling tumor growth. A tumor can 
be considered to be a wound that never heals, and thus 
tumor sites always attract MSCs. These stem cells could 
therefore have a critical role in regulating tumor growth. As 
we have shown that iNOS-deficient MSCs can enhance 
immune responses in vitro and in vivo, we asked if iNOS~'~ 
MSCs might be able to promote the anti-tumor immunity 
in vivo. We tested this possibility in a mouse model of 
melanoma. B16-F0 melanoma cells were co-administered 
with wild-type MSCs or iNOS~'~ MSCs, and 14 days later, 
the resultant tumors were weighed. Infusion of iNOS 
MSCs, but not wild-type MSCs, was found to significantly 
reduce tumor growth (Figure 5a). Similarly, an anti-tumor 
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effect by wild-type MSCs was also observed when the iNOS 
inhibitor L-NMMA was co-administered (Supplementary 
Figure S8). More importantly, neither WT nor iNOS ~ /_ 
MSCs could affect melanoma growth in immunodeficient 
mice, implying the involvement of the adaptive immunity 
in the iNOS '"MSC-mediated anti-tumor effect. This 
was further evidenced by histological analysis of CD3 + cell 
infiltration in tumor sections. At tumor sites, iNOS ^MSCs 
were able to recruit significantly more CD3 + cells, compared 
with WT MSCs (Figure 5b). Therefore, modulation of 
iNOS activity could provide a novel strategy for tumor 
immunotherapy. 

IDO knockdown makes human MSCs immune-enhancing. 

We have shown that mouse MSCs can promote immune 
responses when exposed to low dose of proinflammatory 
cytokines or in the absence of iNOS activity. Next, we examined 
whether the same holds true for human MSCs. As reported 
previously, we found that, like mouse MSCs, human MSCs also 
produce abundant chemokines such as CXCL9, CXCL10, 
CXCL11 upon stimulation with proinflammatory cytokines 
(Supplementary Figure S9). Unlike mouse MSCs, however, 
human MSCs utilize IDO to suppress immune responses, 20 
and we found no detectable levels of iNOS or the other 
two NOS isoforms (Supplementary Figure S9). Therefore, in 
MSC-mediated immunosuppression, there is a very obvious 
species variation. To this end, we knocked down IDO using 
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Figure 6 Human MSCs with IDO knockdown are immune enhancing. Human 
umbilical cord-derived MSCs were infected by IDO shRNA lentiviral particles or 
control shRNA lentiviral particles for 24 h. Puromycin at 3 mg/ml was then added to 
the culture after removal of lentiviral particles. After 3 days, the cells were collected 
for the detection of IDO at both mRNA level (a) and protein level (b). Both MSCs 
(5000 cells/well in 96-well plate) were co-cultured with different number of PBMCs 
isolated from health donors in the presence of anti-CD3 at 0.5 /ig/ml. After 72 h 
tritium thymidine at 0.5 ^ci/well was added and incubated for 6-8 h. Tritium 
thymidine incorporation was detected by scintillation counting (c) 
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Figure 5 iNOS-deficient MSCs suppress melanoma growth, (a) At day 0, B16-F0 cells (0.5 x 10 cells) were administrated intramuscularly in the outside of left thigh of 
C57BL/6 mice (n = 6) or NOD-SCID mice (n = 4), with or without co-injection of WT-MSCs and /WOS~'~-MSCs, each at the dose of 1 x 10 6 cells per mouse. Both types 
of MSCs were further administrated at day 3, 6 and 9 at the same sites with the original injection, with PBS as a control. After 14 days, the mice were killed and the tumors 
were weighed, (b) Tumor sections were prepared for histological analysis of CD3 + cells. Data shown are means + S.E. of a representative of three independent 
experiments 
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shRNA in human MSCs and tested their immunomodulatory 
effects. As shown in Figure 6a and b, I DO knockdown 
was effective at both mRNA and protein levels. MSCs with or 
without IDO knockdown were then co-cultured with human 
PBMCs in the presence of anti-human CD3 (OKT3). Like 
mouse MSCs, wild-type human MSCs were capable of 
promoting anti-CD3-induced proliferation by PBMCs present 
at low cell densities, whereas suppressing this proliferation at a 
high cell density (Figure 6c). When IDO knockdown MSCs 
were used, they were only capable of facilitating anti-CD3- 
stimulated PBMC proliferation, regardless of cell numbers. 
Therefore, human MSCs act much like mouse MSCs in 
their ability to modulate immune responses. This provides 
essential information for better clinical application of human 
MSCs. 

Discussion 

The immunomodulatory properties of MSCs have attracted 
much attention by both basic and clinical researchers in the 
past few years. Various mediators have been proposed 
to be responsible for the immunosuppressive capacity of 
MSCs, including IL-10, 15 TGF-/?, 16 IDO, 17 TSG6 18 and PG 
E2. 19 We recently reported that the concerted action of iNOS 
and chemokines are critical for MSC-mediated immunosup- 
pression. 20 Due to their strong immunomodulatory 
effects, MSCs are being tested in the treatment of immune 
disorders, such as experimental autoimmune encephalomye- 
litis (EAE), GvHD and diabetes, in both animal models and 
humans. Many clinical trials have been initiated according 
to a recent report. 29 Importantly, however, the immuno- 
suppressive potential of MSCs is not always achieved. 
For example, MSCs were found not to suppress GvHD 
in vivoP 

Our previous studies revealed that MSC-mediated immu- 
nosuppression is exerted through the coordinated action 
of chemokines and NO. It is possible that, under conditions 
that do not promote much NO production, MSC-secreted 
chemokines might actually enhance immune responses. 
In the present study, we found that MSCs are immunosup- 
pressive only when exposed to sufficiently high levels 
of proinflammatory cytokines, as previously described; 
otherwise they actually promoted lymphocyte proliferation. 
This result is consistent with a report by another group, 
showing that MSCs could promote the proliferation of 
suboptimally activated T cells. 30 Our study shows that a lack 
of iNOS activity can switch MSCs from being potently 
immunosuppressive to being highly immune-enhancing. By 
employing the mouse DTH model, we confirmed that the 
absence of iNOS activity prevents MSCs from suppressing 
the activity of recruited immune cells, and that these recruited 
cells instead provide a boost to the local immune responses 
in vivo. Furthermore, this immune-enhancing effect was 
significantly reduced in CCR5~'~CXCR3 _/ ~ mice, indicating 
a crucial role for chemotaxis in iNOS~'~ MSC-mediated 
immune enhancement. Importantly, iNOS MSCs efficiently 
prevented tumor growth in a mouse melanoma model, and 
L-NMMA administration enabled wild-type MSCs to inhibit 
tumor growth. Furthermore, modulation of IDO expression 
can also switch human MSCs from being immunosuppressive 



to be immune-enhancing. Taken together, these results 
suggest the following scenario: upon stimulation by proin- 
flammatory cytokines, MSCs secrete chemokines that recruit 
the leukocytes, which could then facilitate the immune 
response. The presence or absence of NO determines 
whether or not the recruited leukocytes are inhibited, thereby 
acting as a switch in MSC-mediated immunomodulation. The 
dual and opposing roles of MSCs under different circum- 
stances may serve to regulate immune responses generally, a 
possibility with important implications for current clinical 
application of MSCs. 

During MSC-mediated immunomodulation, proinflamma- 
tory cytokines have been shown to have an essential role. 14,31 
In both mice and humans, the co-presence of IFNy and 
another cytokine, either TNFa, IL-1a or IL-1/J, were required 
for MSCs to exert their immunosuppressive effect. In all of 
these experiments, recombinant cytokines or supernatants 
from activated splenocytes or PBMCs were used to treat 
MSCs. In their clinical application for the treatment of immune 
disorders, however, administrated MSCs might encounter 
insufficient proinflammatory cytokines or a biased cytokine 
milieu in vivo. When the immunosuppressive potential 
of MSCs could be achieved would be difficult to predict. 
NO produced by iNOS is very common and important in the 
immune system. iNOS activity is reported to be reduced in 
many cases, including Trichinella spiralis infection, adeno- 
virus E1A protein, and Helicobacter pylori infection. 32-34 
Other factors, like cytokines, some compounds (e.g., beta- 
Carotene and alpha-iso-cubebenol) and glucocorticoid hor- 
mones have also been found to inhibit iNOS activity. 35-37 
When applying MSCs in disease models in mice, the 
immunosuppressive effect might easily be turned off, or even 
switched to stimulatory effect. Therefore, in some cases, 
administration of MSCs could fail to ameliorate immune 
disorders. 21,38 It may be possible to harness the immune- 
enhancing effect of MSCs to treat diseases where immune 
responses have been suppressed. In some studies, iNOS 
inhibitors were found to be capable of suppressing tumor 
growth in mice by promoting lymphocyte infiltration. 39 Inter- 
estingly, MSCs have an adverse effect on immunosuppres- 
sant inhibition of PBMCs proliferation. 24 We found that when 
cyclosporine A was added to the co-culture of MSCs with anti- 
CD3-activated splenocytes, T-cell proliferation was restored 
at suboptimal concentrations of cyclosporine A (data not 
shown). Cyclophosphamide, an immunosuppressive drug, 
has also been reported to be immunostimulatory at low doses, 
deriving from its inhibition of iNOS 40 Herein, our findings 
provide a reasonable explanation for these effects, as MSCs 
usually migrate to sites of inflammation, and insufficient levels 
of proinflammatory cytokines or iNOS activity would render 
MSCs immune-enhancing. The results in two in vivo models 
support our hypothesis, as they show that iNOS~'~ MSCs can 
both significantly boost DTH responses and suppress the 
growth of the melanoma tumors. 

Our findings suggest that it is important to be aware 
of the potential differential effects of cytokines or drugs 
on the expression and activity of iNOS (or IDO) when 
applying MSCs in the treatment of disease, as they are a 
critical switch that determines the immunomodulatory fate of 
MSCs. 
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Materials and Methods 

Mice. C57BL/6, BALB/c and NOD-SCID mice were purchased from the Shanghai 
Laboratory Animal Center of Chinese Academy of Sciences, Shanghai, China, and 
maintained under specific pathogen-free conditions, CCR5~'~ mice (Ccr5" n1kuz ), 
CXCRr'- mice (Cxcrf m1 ° 9en ) and /A/OS"'" mice (Nos^ m1Lau ) were from Jackson 
Laboratory (Bar Harbor, ME, USA). Mice were maintained in the Vivarium of 
Shanghai Jiao Tong University School of Medicine. In our facility, we intercross 
CCR5"'" mice with CXCR3"'" mice and then F1 offspring were bred to each other 
to generate CCR5"'"CXCfi3"'" mice. Animals were matched for age and gender 
in each experiment. All procedures were approved by the Institutional Animal Care 
and Use Committee of the Institute of Health Sciences, Shanghai Institutes for 
Biological Sciences of Chinese Academy of Sciences. 

Reagents. Recombinant mouse IFNy, TNFa, IL-1a and IL-1/J were from 
eBiosciences (La Jolla, CA, USA). Anti-CD95 (Jo2) was from BD Pharmingen (San 
Diego, CA, USA). Propidium iodide, Saponin, S-Nitroso-N-acetyl-DL-penicillamine 
(SNAP), carboxy fluorescein diacetate succinimidyl ester (CFSE), complete Freud's 
adjuvant and L-NMMA were from Sigma-Aldrich (St. Louis, MO, USA). Human IDO 
shRNA lentiviral particles and control shRNA lentiviral particles were from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Human IDO and GAPDH monoclonal 
antibodies were from Cell Signaling Technology (Danvers, MA, USA). Mouse CD3 
polyclonal antibody was from Abeam (Cambridge, MA, USA). Diaminobenzidine 
Histochemistry Kit was from Maixin biotechnology (Fuzhou, Fujian). SMT and 
1400w were from Beyotime biotechnology (Shanghai, China). 

Cells. MSCs were generated from tibia and femur bone marrow of 6-10-week-old 
mice. Cells were cultured in DMEM medium supplemented with 10% FBS, 2mM 
glutamine, 1 00 U/ml penicillin, and 100/ig/ml streptomycin (all from Invitrogen, 
Carlsbad, CA, USA). Non-adherent cells were removed after 24 h, and adherent 
cells were maintained with medium replenishment every 3 days. To obtain MSC 
clones, cells at confluence were harvested and seeded into 96-well plates by limited 
dilution. Individual clones were then picked and expanded. Human umbilical 
cord-derived MSCs were generously provided by Dr. Lingyun Sun, The Affiliated 
Drum Tower Hospital of Nanjing University Medical School. Cells were used at 5th 
to 15th passage and all control cells were from similar passages. 

T-cell blasts were generated from na'ive splenocytes. Cells (1 x 10 6 cells/ml) 
were activated by plastic-bound anti-CD3 and soluble anti-CD28 for 48 h, 
then cultured with IL-2 (200 U/ml) alone for 48 h. All T-cell cultures were maintained 
in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 2mM 
glutamine, 1 00 U/ml penicillin, 1 00 /ig/ml streptomycin, and 50 /<M /?-ME (complete 
medium). 

Proliferation assay. To assay cell proliferation, 0.5 /iCi. of 3 H-thymidine 
(Tdr, Shanghai Institute of Applied physics, Chinese Academy of Sciences, China) 
was added to each well 4-6 h before termination of the cultures by freezing. Plates 
were then thawed, harvested, and incorporated 3 H-Tdr was assessed using a 
Wallac Microbeta scintillation counter (Perkin-Elmer, Waltham, MA, USA). 

CFSE staining. T-cell blasts (1 0 6 /ml in phosphate-buffered saline) were 
labeled with 5 ^M CFSE for 8 min at 37 C with gentle vortex every 2 min. Labeling 
was terminated by adding equal volume of fetal calf serum. After washing, cells 
were cultured with MSCs. Cell division, as evidenced by reduction of fluorescence 
intensity by one-half, was analyzed by flow cytometry. 

Real-time PCR. Total RNA was isolated using RNAprep pure Cell/Bacteria Kit 
(Tiangen biotech, Beijing, China), First-strand cDNA synthesis was performed using 
1 st cDNA Synthesization Kit with oligo(dT) 15 (Tiangen Biotech). The levels of mRNA 
of genes of interest were measured by real-time PCR (7900 HT by Applied 
Biosystems, Foster City, CA, USA) using SYBR Green Master Mix (TaKaRa 
Biotech, Dalian, China). Total amount of mRNA was normalized to endogenous 
//-actin mRNA. Sequences of PCR primer pairs were as follows: mouse CCL2, 
forward 5'-TCTCTCTTCCTCCACCACCATG-3' and reverse 5'-GCGTTAACTGCA 
TCTGGCTGA-3'; mouse CCL5, forward 5'-TTTCTACACCAGCAGCAAGTGC-3' 
and reverse 5'-CCTTCGTGTGACAAACACGAC-3'; mouse CXCL9, forward 5'-AG 
TGTGGAGTTCGAGGAACCCT-3' and reverse 5'-TGCAGGAGCATCGTGCAT 
T-3'; mouse CXCL10, forward 5'-TCCTTGTCCTCCCTAGCTCA-3' and reverse 
5'-ATAACCCCTTGGGAAG ATGG-3' ; mouse /?-actin, forward 5'-CCACGAGCGGT 



TCCGATG-3' and reverse 5'-GCCACAGGATTCCATACCCA-3'; mouse IL-6, 
forward 5'-AGATAAGCTGGAGTCACAGAAGGAG-3' and reverse 5'-CGCACTAG 
GTTTGCCGAGTAG-3' ; mouse iNOS, forward 5'-CAGCTGGGCTGTACAAAC 
CTT-3' and reverse 5'- CATTGGAAGTGAAGCGTTTCG-3'; mouse eNOS, forward 
5'-TCAGCCATCACAGTGTTCCC-3' and reverse 5'-ATAGCCCGCATAGCGTATCA 
G-3'; mouse nNOS, forward 5'-CCCAACGTCATTTCTGTCCGT-3' and reverse 
5'-CTGACCCGTTCCTTCACC-3'; human IDO, forward 5'-TGCCCCTGTGATAAA 
CTGTGGT-3' and reverse 5'-CATTCTTGTAGTCTGCTCCTCTGG-3'; human iNOS, 
forward 5'-CCTGAGCTCTTCGAAATCCCA-3' and reverse 5'-CCCGAAAC 
CACTCGTATTTGG-3' ; human eNOS, forward 5'-TGATGGCGAAGCGAGTGAA 
G-3' and reverse 5'-CTGCTGTGCGTAGCTCTGG-3'; human nNOS, forward 5'- 
GAAGGAGCGGGTCAGTAAGC-3' and reverse 5'-CCCCACGAATCAGGTCAGAG 
A-3'; human CXCL9, forward 5'-GGTTCTGATTGGAGTGCAAGGA-3' and reverse 
5'-GGATAGTCCCTTGGTTGGTGCT-3'; human CXCL10, forward 5'-GCCAATTTT 
GTCCACGTGTTG-3' and reverse 5'-GGCCTTCGATTCTGGATTCAG-3'; human 
CXCL11, forward 5'-CCTTGGCTGTGATATTGTGTGC-3' and reverse 5'-CCTATG 
CAAAGACAGCGTCCT-3'. 

DTH response. C57BL/6 mice (6-10 weeks old) were immunized by tail-base 
injection of OVA(10/(g in 50 /d saline) emulsified with 50^1 complete Freund's 
adjuvant. DTH was tested after 6 days, by challenging with 200 or 20 /ig aggregated 
OVA in 30 jtil saline injected into the right hind footpad. The left footpad was injected 
with 30 /(I of saline with or without MSCs as a negative control. After 24 h, antigen- 
induced footpad thickness increment was measured using a caliper (no. 7308, 
Mitutoyo, Tokyo, Japan) and calculated as: thickness increment = R-L, where R 
and L are thickness of right and left footpads, respectively. 

Mouse melanoma model. B16-F0 mouse melanoma cells were expanded in 
complete DMEM medium in vitro. Each mouse was injected with 0.5 x 10 6 B16-F0 
in 100 fA PBS intramuscularly on the left thigh, with or without co-injection of wild- 
type MSCs or iNOS"'" MSCs (1 x 10 6 cells). MSCs were again administrated at 
day 3, 6 and 9 at the same sites, with PBS serving as a control. Mice were observed 
daily and euthanized when tumor began to significantly affect mobility. The 
melanoma tumors were then excised and weighed. 4 /im paraffin sections were 
prepared and stained with indicated antibody according to the protocol provided by 
the manufacturer. 

Western blot. Protein samples in SDS sample buffer were heated at 95 °C for 
10 min and separated on SDS-polyacrylamide gel. Then proteins were electro- 
blotted to nitrocellulose transfer membranes and revealed by mouse and rabbit 
antibodies against IDO or GAPDH overnight at 4 'C. Finally, the blot was subjected 
to chemiluminescent detection according to the manufacturer's instructions. 

Statistical analysis. Data are presented as mean ± S.D. Statistical 
significance was assessed by unpaired two-tailed Student's f-test. 
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